Abstract -The lateritic terraces of northern Taiwan have unsaturated soil due to their higher elevation and deeper groundwater level. Under the effects of rainfall infiltration and surface evaporation, the topsoil often changes in humidity; thus, the soil strength also changes. As there are a large number of structures in these terraces, it is necessary to further understand the influence of rainwater infiltration in order to design a safe and economical foundation structure. In this paper, tensiometers were installed in-situ to observe changes in soil matric suction. An undisturbed soil column was taken and drying and wetting tests were conducted to understand the depth of water infiltration. Meanwhile, a direct shear test was performed using specimens with different water contents taken from the soil column. The corresponding soil matric suction was derived from the relationship of the soil water content and tensiometer readings of the tests. The results showed that, during rainwater infiltration, the soil near the surface reacted immediately. The influence of the rainwater infiltration reached about 120 cm below the surface. The soil shear strength decreased with the increasing soil moisture content. In other words, rainfall would reduce the soil matric suction and the shear strength of the soil would decrease.
Introduction
Regions above the groundwater table often consist of unsaturated soil due to capillary phenomena, rainfall infiltration, and ground surface evaporation. It has been well recognized that negative pore-water pressure (matric suction) plays a crucial role in the stability of unsaturated soil slopes [1] . Matric suction (ua-uw) influences the shear strength of unsaturated soil; when the soil moisture content decreases, the matric suction will be higher, which is revealed in a higher shear strength. As the rainwater infiltrates the soil, the matric suction of the soil and the soil strength decreases. Consequently, shallow geotechnical structures and slopes may be prone to damage. The affected zone of rainwater infiltration can be determined by measuring the matric suction of the topsoil.
The lateritic terraces in northern Taiwan are examples of the above-mentioned stratum and have been developed extensively. There are miscellaneous light-weight structures in the area, such as shallow foundations, pavement, mini piles, shallow-depth buried pipes, and retaining walls, etc. that have been constructed and buried in unsaturated soil. Variations in the water content on the top layer of soil will affect these structures' behaviours. Therefore, the depth of rainfall infiltration is an important factor when designing structures that are founded in and on unsaturated regions.
In this paper, in-situ infiltration observations were undertaken on the Hsinchu plateau in northern Taiwan and an undisturbed laterite column specimen was retrieved for laboratory infiltration testing. In order to grasp the effects of rainfall infiltration and evaporation on matric suction, tensiometers were installed on the field and in soil column at different depths, and long-term matric suction monitoring data were presented. In addition, the traditional direct shear test was conduct using specimens with different water contents that were taken from the soil column. Finally, the effects of infiltration on matric suction and soil strength were discussed.
Experimental method

Experimental soil
Lateritic soils are widely distributed in arid and semi-arid climatic regions in the world. In Taiwan, lateritic soil covers almost 2/3 of all of hillsides and terraces [2] and is located in a hot and rainy subtropical region with an average annual rainfall of about 2500 mm. About 80% of the annual rainfall occurs between May and September. In this region, lateritic soils continuously undergo wetting and drying cycles due to the changeable seasons. The lateritic soil has a high percentage of montmorillonite and illite, resulting in a low strength and high swelling potential [3] . The field test site was located in northern Taiwan and the stratum was composed of lateritic soil. The soil tested in this study for laboratory infiltration was taken from 0.6-1.3 m below the surface. During sampling, the field moist density and dry unit weight of the soil was determined using the sand cone method (ASTM D1556-64). The particle-size distribution showed that the soil was comprised of 18% sand, 52% silt, and 30% clay. The basic physical properties of this soil are depicted in Table  1 . The soil was classified as low plasticity clay according to the Unified Soil Classification System. 
Field infiltration monitoring
Top-layer soils have reduced matric suction due to rainfall infiltration [4] , which in turn reduces soil strength. The mechanism of rainfall infiltration is complex due to the high nonlinearity of soil water characteristics and soil permeability [5] . The affected zone of rainwater infiltration can be determined by measuring the matric suction of topsoil [6] . Numerous researchers have studied the effects of rainfall infiltration on slope stability [7] [8] . Tensiometers are commonly used to monitor matric suction in the field and can measure suctions up to 100 kPa [9] [10] [11] .
The surface of the test site was flat and covered with natural grass. The height of the vegetation ranged from 5 to 30 cm and the root depth observed on excavated surfaces ranged from 5 to 20 cm. Measurements taken from a test pit showed that the groundwater level was about 4 m below the ground surface. Several Jet-filled type tensiometers were installed from 15 to 120 cm below the ground surface to observe soil matric suction changes due to rainfall infiltration. Meanwhile, a rain gauge was installed to automatically record the intensity and duration of rainfall.
Because a tensiometer is buried in the soil for a long time, its ceramic head is prone to blockage due to the breeding of bacteria in the soil and groundwater. It was thus necessary to clean the ceramic head and acrylic tube with a chlorine solution before using. After the tensiometers were installed, the installation holes were backfilled with moist soil and compacted to a density that matched the in-situ density to prevent rainwater from infiltrating down the surface of the tensiometer standpipes [12] [13] . It was important to ensure the ceramic cup had good contact with the surrounding soil for proper reaction responses. The observation work was performed from October 25 to December 19 of 2008. The readings from the tensiometers were manually collected. At the end of the observation test, samples were collected for further laboratory soil moisture content test.
Laboratory drying-wetting cycle test
In the study of soil properties under controlled climatic conditions, soil column testing has been extensively discussed in the literature [14] [4] [15] [16] . According to Sentenac [17] the flow velocity around the column wall can be greater than that at the column center due to low compaction of the soil and the preferred pathway flow adjacent to the wall, particularly in small-diameter columns [16] . In this study, the undisturbed soil column specimen for the laboratory test was retrieved near the field infiltration test site. For the purpose of diminishing the flow velocity difference between the soil column's central area and the area around the column wall, the soil column diameter was set at 35 cm and the side surface of the soil column was carefully protected using cement mortar. The laboratory drying-wetting cycle test procedure was as described below [18] . 1. The top 60 cm of weathered soil was excavated, carefully cut down, and then the soil column was trimmed to 35 cm in diameter and 70 cm in height. 2. A PVC pipe was inserted around the soil column as a protector. The PVC pipe must have a 40 cm inner diameter, a height of 100 cm, and a thickness of 1.0 cm. 3. Mix cement mortar and carefully pour it down to the gap between the soil column and the PVC pipe. Gently tap the PVC pipe with a plastic hammer to get rid of bubbles and fill the mortar tightly in the gap. This protective layer should be about 2.5 cm thick. 4. After five days of curing the soil column was cut off and carefully transported back to the laboratory. 5. Install tensiometers on the soil column at depths of 5, 10, 25, 40, 50 and 60 cm. The tensiometers must undergo de-airing and saturation processes prior to installation. Before installation, the tensiometer's plastic body tube was modified and bent to 80-90 0 for a suitable horizontal install direction. Fig. 1 shows the layout of the soil column installed in the measuring system. The tests were time-consuming because lateritic soil has low permeability, resulting in long test durations. The drying test was implemented first. The laboratory ventilation ran continuously to approach outside conditions. The ambient temperature was 25°C to 31°C, and the soil column was not exposed to sunlight. After 50 days of air drying, the soil column was subjected to wetting from the top by maintaining 20 cm of artificially-ponded water every day. The infiltration test lasted for 60 days. When entering the winter, strong monsoons blow into Taiwan; the sunshine is no longer strong, and the weather becomes cold. Then, the drying test was cycled again for 40 days and the total duration of the cycling test was delayed 150 days. The matric suction value was manually collected.
Traditional direct shear test
At the end of the drying-wetting cycle test, soil column specimens were taken by a short thin-walled tube for the direct shear test and to measure the soil's water content.
Traditional consolidated undrained direct shear tests were conducted on the specimens. Three sets of specimens with different soil water contents were labeled as w19, w21 and w23, respectively. There were four specimens in each set with a spacemen diameter of 6.0 cm and a height of 2.0 cm. The shear displacement rate of 0.514 mm/min was adopted. The normal stress was set to 50, 100, 150 and 200 kPa. Before shearing, the separation between upper and lower shear boxes was checked to ensure that there was no contact between the boxes. During the experiment, the direct shear boxes were wrapped with nylon stretch film to decrease changes in the moisture content of the soil. A computer system was used to record the test data. At the end of each test, the moisture content of the soil specimens was measured.
Results
Field infiltration test
The in-situ observations began on October 25, 2009 and ended on December 19, 2009, lasting for 55 days. The test results, as shown in Fig. 2 , revealed that the near-surface soil was affected by rainfall infiltration and the matric suction changed quickly. This observation may have been related to the preferential flow through fissures in the unsaturated However, the soil near the 120 cm depth had a slower response to rainfall infiltration. The daily rainfall on 12/05 was mm, and the matric suction at 15 cm dropped quickly. Nevertheless, at 30 and 60 cm, the matric suction was not reflected. When the accumulated rainfall exceeded 40 mm, rainwater could infiltrate more than 120 cm. The results indicated that the matric suction of the shallow soil decreased significantly, but the tensiometer readings at a depth of 120 cm showed a delay of one day.
Sunshine affected the field evaporation and was reflected in the matric suction readings. However, even in winter when the amount of sunshine is weak, under the action of a strong and cold monsoon, ground surface water will still evaporate and the matric suction will continue to increase. Fig. 2 also shows the surface soil under monsoon effects in which the matric suction increased to reach 100 kPa. 
Laboratory drying-wetting cycle test
The result of the 150-day cycle test on the soil column specimen is shown in Fig. 3 . The result showed that: 1. Evaporation near the ground was quick. The tensiometers installed at depths of 5 and 10 cm responded immediately after the test began. 2. After 50 days of drying, a number of fine cracks were observed on the surface of the soil column, then the wetting test followed. With the help of these fissures, the infiltration effect was quickly observed at depths of less than 40 cm. 3. At a depth of 60 cm, during the initial and end cycles of the test, the matric suction value was 22 kPa. This means that depths below 60 cm were scarcely affected by the drying and wetting test. The cut off thickness of the surface layer was 60 cm, therefore it could be presumed that the in-situ soil infiltration depth was close to 120 cm. This result was close to the depth of the in-situ test, indicating that the laboratory test result was reliable. 4. The second drying curve was steeper than the first drying curve and was the result of wetting followed by drying exacerbating the fissures. It was speculated that after repeated wet and dry cycling, a fissure would have more downward development and the wetting-drying effect would occur faster and reach a deeper formation. 5. The matric suction on the soil saturation condition is 0 kPa, but the minimum reading at the 5 cm depth was 10 kPa, which was close to saturation condition. This result indicated that the soil column in the void ratio equaled 0.61, and that the thickness of the infiltration effect on full saturation was less than 5 cm. Fig . 4 shows the relationship between the soil water content and soil matric suction values derived from the in-situ test and laboratory soil column test after the observations were finished. The results indicated that the increase in soil water content decreased the matric suction, and this trend was similar in both tests. The relationship between soil water content and soil matric suction value could be expressed as Eq. (1).
Matric suction S=101223e -0.365w (1) where S is the soil matric suction, w is the soil water content, and e is the natural base of logarithms. 
Direct shear test
Undisturbed soil specimens were taken from the soil column were used for the direct shear test. The results of the shear stress and horizontal displacement relationship on unsaturated specimens w19, w21, and w23 for different normal stresses are shown in Fig. 5 . The specimens with low moisture content and higher normal stress showed a peak followed by a decrease in shear stress before subsequently attaining a relatively constant value after 6 mm of horizontal displacement. However, when the moisture content was greater than 21%, peaks in the stress curve were no longer observed. Instead, as the maximum shear stress was neared, constant strength was obtained. It could be said that as the soil water content increased, the shear failure behaviour of the specimen gradually turned from a brittle failure to a plastic failure model. The water content of the specimen after testing was converted to the corresponding soil matric suction according to Eq. (1). The calculated results are shown in Table 2 and the water content of the specimen before the direct shear test is shown in Table 2 . The soil matric suction and failure shear stress are shown together in Fig. 6 , which indicates that as the soil matric suction increased, the shear strength also increased. Meanwhile, as the normal stress increased, the shear stress increased as well. The effect of matric suction on shear strength could be described as having a non-linear relationship; the rate of increase seemed to gradually decrease with the increasing suction. These results indicated that the matric suction contributed to the shear strength of the unsaturated soil, which agreed with the results of other researchers [19] [14] [20 -23] . According to the experimental results, the failure envelopes of the shear strength versus net normal stress under different soil water content values were as shown in Fig. 7(a) . It was observed that the failure envelopes with respect to net normal stress revealed an approximately linear behaviour for all soil water content, and that the slope of the linear relationship increased as the matric suction increased, indicating that the effective friction angle increased with the increasing matric suction, as shown in Fig. 7(b) . Fig. 7(c) shows the relationship between soil cohesion and matric suction. It could be seen that the cohesion had a remarkable improvement as the matric suction increased, proving that matric suction contributed to cohesion and shear strength significantly. The results indicated that when saturated, the Matric suction (kPa) σ=50 kPa σ=100 kPa σ=150 kPa σ=200 kPa cohesion value was close to 1 kPa and the internal friction angle dropped to 15°. The strength of the undisturbed laterite specimen was affected by the amount of clay minerals. Ferric oxide and aluminum oxide in the clay wrapped around the clay clay particles to form peds, which in turn increased the shear strength. However, laterite soil will soften and disintegrate when exposed to water, and the strength will decrease [24] . The test results were reasonable. 
Conclusion
This paper mainly presented experimental test results and an interpretation of the infiltration effect and shear strength behaviour of laterite terrace soil. In-situ and laboratory soil column infiltration observations were carried out. Meanwhile, direct shear tests under different soil water content conditions were implemented using a traditional direct shear apparatus. The following conclusions were drawn based on the laboratory study: 1. In a natural environmental, surface soil is affected by rainfall infiltration and the matric suction changes quickly. Even when the rainfall was only 1.5 mm, the matric suction at 15 cm dropped quickly. 2. When the in-situ accumulated rainfall exceeded 40 mm, rainwater could infiltrate more than 120 cm; however, the matric suction at a depth of 120 cm showed a delay of one day. 3. After the laboratory soil column infiltration cycling test, a number of fine cracks were observed. On the laterite terraces, under the action of dry and wet circulation, fissure depth and openings increased, and the weathering speed and depth of the surface soil was accelerated. 4. The direct shear test results showed that the water content of the clayey soil increased greatly, its strength decreased greatly, and the soil matric suction decreased as the soil moisture content increased. The matric suction had a significant influence on the shear strength of the terrace soils. 5. The results of the direct shear test indicated that when soil was saturated due to rainfall infiltration, the cohesion and internal friction angle dropped to extremely low values of 1 kPa and 15°, respectively. Therefore, when designing shallow-buried geotechnical structures, the rainwater infiltration depth and its negative effects on soil strength should be considered. Matric suction u a -u w (kPa)
